Selection in egg-to-adult viability was investigated at the Esterase6 locus of Drosophila melanogaster. A factorial experiment was carried out with three variables, temperature, density and genetical composition; there were four temperatures (15°, 20°, 25° and 30°), three densities (115 ml, 10 ml and 25 nil of food).
I. INTRODUCTION
STUDIES of protein variation in a variety of species have shown that there is considerable genetical diversity both within and between experimental and natural populations of many species (Lewontin and Hubby, 1966; Harris, 1966 Harris, , 1969 Selander and Yang, 1969) . Such variation may be due to natural selection (Clarke, 1970; Richmond, 1970) or may be non-adaptive (King and Jukes, 1969; Kimura and Ohta, 1970) .
In laboratory populations, some protein polymorphisms respond to natural selection (Powell, 1971; McDonald and Ayala, 1974; Minawa and Birley, 1975) , all working with species of Drosophila. Indeed, these results show that natural selection determines a substantial fraction of the observed genetical diversity within laboratory populations. Studies of the Adh locus in Drosophila melanogaster by Clark (1975) and his colleagues have shown ways in which selection could operate directly on allozymes and selection in enzyme polymorphisms has also been observed in nature. For example, the temperature associated clinal variation in allele frequency at a lactate dehydrogenase locus in the crested blenny, Anoplarchus purpurescens (Johnson, 1971) and at an Esterase locus in Catastomus clarkii (Koehn, 1969) , support the selectionist viewpoint. An important feature of the latter study is that the in vitro activities of the two allozymes are correlated with temperature, the putative selective factor. On the other hand, some authors (Kimura and Ohta, 1970) assume that selective coefficients are in general small. If this were so selection would be difficult to detect by experiment. Indeed, the results of at least one closely controlled laboratory experiment has, despite a detailed analysis, shown only weak, if any, selection (Yamazaki, 1971) . If the mechanism of evolution is to be understood it is important that the magnitude, nature and extent of the selective forces which operate within populations are assessed upon a range of protein polymorphisms.
It has been argued that a positive relationship is likely to exist between the extent of the genetical diversity within a population and the heterogeneity of the environment it inhabits (Ludwig, 1950; Dobzhansky, 1951; Mayr, 1963) . In the short term, variable environments have been shown to favour a higher level of genetical variability of a polygenic kind (Beardmore and Levine, 1963; Long, 1970) and of heterozygosity at some protein loci (Powell, 1971; McDonald and Ayala, 1974) . Moreover, theoretical studies have shown that variation in the environment can, under certain conditions, maintain genetical variability within populations (MaynardSmith, 1966; Hoekstra, 1975) .
Frequency dependent selection may be mediated through environmental variability and/or competition (Mather, 1969) . Tobari and Kojima (1969) demonstrated frequency dependent selection in association with the Ad/i locus of Drosophila melanogaster as did Kojima and Yarbrough (1967) with the Esterase-6 locus. We have previously shown that allele frequencies at the Esterase-6 locus are associated with temperature and density in laboratory populations of common origin. The correlation with temperature was seen in populations from either constant or fluctuating temperature environments (Beardmore, 1970; Birley, unpublished) . The population, used by Kojima and Yarbrough (1967) for a study of selection at the Esterase-6 locus, was established from a cross between two inbred lines. There is then the possibility that the selection which they observed was modified by a lack of genetic co-adaptation or a failure of the synthetic population to reach linkage equilibrium. The population used in this study originated from nature and was used to investigate the mode of selection, in relation to temperature and density, at the Esterase-6 locus of Drosophila melanogaster.
MATERIALS AND METHODS
The population used in this study was established and maintained in a Perspex population cage (Beardmore, Van Delden and Alkema, 1963) , by Dr T. C. Long in May 1966. It was derived from the progeny of nine inseminated female flies captured in Groningen, the Netherlands. Food medium was supplied in 35 ml lots in polyethylene cups and was prepared according to the recipe given by Mittler and Bennett (1962) . The population received two new cups every 3 days. Polyacrylamide gel electrophoresis of individual flies from the population showed it to be segregating for two alleles at the Esterase-6 locus, namely Est6F' and Est-68. We have abbreviated the nomenclature of the three genotypes in the Esterase-6 polymorphism as follows: Est6F'F = FF, Est6F'8 = FS and Est-68'8 = SS.
Allele frequencies are given in terms of the Est-6 allele, e.g. 0.8(F).
Six lines homozygous for the Est-6 allele and 10 lines homozygous for the Est6S allele were extracted from the population. Cultures differing in their genetical composition were established in the way described by Kojima and Yarbrough (1967) . Three genetical compositions were used, 0.8(F), 0.5(F) and 0•2 (F). Two hundred fertilised females were mixed together such that the expected zygotic proportions of the Esterase-6 genotypes would be in Hardy-Weinberg proportions. The females were allowed to lay eggs for 50 hours at 25°C. Cultures were then raised in all combinations of four temperatures, and three densities. The three densities were defined in terms of food volume per culture vessel (low 115 ml; medium 10 ml; high 2.5 ml). The four temperatures used were 15°, 20°, 25° and 30°. Four replicate cultures were raised in each of the 36 combinations of density and temperature. About 48 adults were sampled at random from all of the emergents from individual cultures, and typed for their Esterase-6 genotype.
Polyacrylamide gel electrophoresis was carried out using the disc technique of Davis (1964) . An 8 per cent separating gel, pH 92, 3 per cent spacer gel pH 67 (0.5 cm long) and 3 per cent sample gel were used.
Electrophoresis was carried out at 4°C with a constant current of 2 mA per gel column, until the bromophenol blue marker had migrated to a point 05 cm from the base of the gel columns. After electrophoresis, the gels were equilibriated in OlM phosphate buffer pH 60 at 4°C for 30 minutes.
The Esterase phenotypes were revealed with x-naphthyl acetate (1 mg/mI) as a substrate and Fast Blue RR (0.1 mg/mI) in 0dM phosphate buffer pH 6.0 for 30 minutes at 25°C.
RESULTS
A chi-square test was used to compare the genotype frequencies from replicate cultures. Except for those cultures raised at 15°, low density and 08(F), (P = 0.02), replicate cultures had similar genotypic frequencies;
with an experiment of this size a single case of heterogeneity could arise by chance alone. Subsequent statistical analyses were carried out with the pooled genotypic frequencies from replicate cultures. Test statistics were provided by the log likelihood ratio, (21 or G-test (Kullback, 1959; Sokal and Rohlf, 1969) ). Table I shows the output genotype frequencies for all combinations of temperature density and genetical composition. The G-values also shown in table I, were calculated for a comparison of the observed and expected genotype frequencies in all 36 conditions. The expected frequencies contain the assumption that the eggs laid by the fertilised female parents were in Hardy-Weinberg proportions. Although the fecundity of females in this population had been shown to vary with age and genotype (Birley and Beardmore, 1972) , in this case a control experiment measuring the fecundity of the 3-4-day-old female parents failed to detect any difference between Esierase-6 homozygotes. The values of G when compared with the x2-distribution for 2 d.f. show a wealth of evidence in favour of natural selection in egg-to-adult viability. The total variation in observed and expected genotype frequencies is measured by the sum of the 36 individual G values for 2 d.f. given for 72 d.f. a C-value of 1 864492. Further analysis of the data was carried out by partitioning the 72 d.f. into items measuring the homogeneity of genotype frequencies (1), in relation to the three variables, temperature (i) density (j) and genetical composition (k). The analysis is outlined below and follows the methods given by Kullback (1959) .
Let the observed genotype frequency in any condition be represented by n1, where i = I, q;j = 1, r; k = 1, s; I = 1, t. If Xis the total number of The number of individuals sampled in any one condition (and fixed by the experimental design) may be represented as ijk = jk
The theoretical probabilities vary with genetical composition, and are represented as Pk where as above k = 1, s and I = 1, 1. The form and G=2n.j.1 log n.j .1-2 n.j .. log n.j..-2 >n...l log n...l+Nlog N.
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The results of the statistical analysis (table 2) show a highly significant difference between the observed and expected genotype frequencies. This item represents the extent of the overall deviation of observed and expected genotype frequencies irrespective of the effects of temperature and density; each of the three genetical compositions provides 2 of the total 6 degrees of freedom. Regardless of genetical composition and density, it is seen that the genotype frequencies from the four temperatures can be regarded as homogeneous. But, the item Temperature x Genetical composition, shows that the homogeneity between the temperatures varies with the genetical composition of cultures. The statistical significance of this item is however, slight compared with the high level of statistical significance shown by the remaining four partitions. There is a highly significant effect of density alone, and the effect of density varies with genetical composition. There are also high orders of heterogeneity in the genotype frequencies. The main effects, temperature and density, do not have an independent effect upon genotype frequency, and this association varies with the genetical composition. This means that genotypic fitness is the result of interaction between the two variables temperature and density. The heterogeneity between the effects of temperature and density and genetical composition does not define the nature of the relationships between genotypic fitness and genetical composition. This is because the response to selection, as measured by the G-values will vary with genetical composition, irrespective of whether fitnesses are constant (e.g. heterozygote advantage) or variable (e.g. frequency dependent selection). Insight into the nature of this interaction and of the mode of selection may be gleaned from figs. 1 and 2. Here a simple measure of fitness is used to compare the viabilities of the Esterase-6 genotypes. It is essentially the same as that used by Kojima and Yarbrough (1967) , and is the ratio of output (0) to input genotype proportions (I) or 0/I value. The 0/I values are plotted for each genotype, in the relation to the three genetical compositions, for all 12 combinations of density and temperature in figs. 1 and 2. An outline of the general features of these results is given in this report. A pronounced inverse relationship between the input frequency of morphs and their fitness is a general (i.e. not invariable) feature of the results. The 0/I value of the FF homozygote is highest in 0-2(F) cultures and lowest in 0-8(F) cultures. The 0/I value of the SS homozygote is greatest in 0-8(F) and lowest in 0-2(F) cultures. Also, the 0/I value of the heterozygote is often lowest and less than unity in 0-5(F) cultures, where its input frequency is maximal. Hence, the general mode of selection is frequency dependent but the strength of the selection is modified by an interaction with an increase of density. At 15° the reverse is seen; selection is greatest at high density. Generally, the effect of medium density is one of transition between the high and low density conditions. The effect of temperature and genetical composition is also transitional between 30° and 15°, at 25° and 20°. Selection is strongest in 0.8(F) cultures, a genetical composition which is furthest away from the " equilibrium" gene frequency of the mother cage population. In 02(F) cultures selection is much less strong than in 08(F) cultures, and in some conditions, notably at low density, when the temperature is 15° or 20° the 0/I value of the FF homozygote is never greater than that of the SS homozygote. In summary, the general features of these results are as follows: I. Selection in egg-to-adult viability at the Esterase-6 locus can be very strong. 2. Frequency dependent selection of a type that would lead to a" stable" equilibrium is seen in many but not all conditions.
3. The effects of temperature and density are not independent upon genotypic fitness, and vary with genetical composition. 
Djscussiorc
The population used in this study had been maintained in the cage environment at 25° since May 1966, and was stable with respect of the Esterase-6 polymorphism. Adults were sampled from the population cage in November 1968 and in August 1969 and were typed for their Esterase-6 genotypes. The rcsults are given itt table 3. A contingency x2 test for 2 d.f. with this data gave a value of 1 07 (P > 05). The samples may be regarded as homogeneous and a common estimate of Est-6 allele frequency is 0156. The extraction of lines homozygous at the Esterase-6 locus was made over this period and the experiment carried out in summer 1969. Populations with the same ancestry and establishment time, as that used for this study have shown the following features (Beardmore, 1970; Birley, unpublished) .
(a) The equilibrium frequency of the Esterase-6 allele is negatively correlated with temperature in thermally stable populations (17.5°, 20°, 25°a nd 29°).
(b) Regular oscillations in allele frequency occur in populations kept in fluctuating temperature environments (sinusoidal periods of 28 and 96 days, maximum temperature 30°, minimum 20°). The pattern of change in allele frequencies in such populations can be predicted from the constant temperature populations. Selection involving the Esterase-6 polymorphism of Drosophila melanogaster has been demonstrated by a number of workers (Maclntyre and Wright, 1966; Kojima and Yarbrough, 1967; Huang et al., 1971) . The major component of fitness in this and the latter two studies was egg-to-adult viability. This study like that of Kojima and Yarbrough (1967) has demonstrated frequency dependent selection at least in association with genetical polymorphism at the Esterase-6 locus of Drosophila melanogaster. The detailed discussion of the results is divided into two sections: (a) the basic frequency dependent response to selection, and (b) modification related to an interaction of density and temperature. Insight into a possible ecological mechanism for frequency dependent selection was obtained by Huang et al. (1971) . In their experiment the fitness of Esterase-6 genotypes was dependent upon the genotypic nature of the previous habitation of the larval environment. Their conclusions were obtained from a comparison of productivities of Esterase-6 genotypes raised upon food media which had or had not been conditioned by larvae of the same or different Esterase-6 genotype. We have carried out similar experiments to those of Huang et al., and our results are in agreement; larval conditioning can mediate frequency dependent selection in egg-to-adult viability. In addition, there is chemical evidence which supports the mechanism of larval conditioning. Lines homozygous for an Esterase-6 allele produce a distinct chemical in large quantities into the food medium. The substances are isoamyl alcohol and p-hydroxybenzoic acid for Est6S/S and Est6F/F homozygotes respectively. Each substance is only inhibitory in fitness, to the producer homozygote (Naylor, Beardmore and Ballantyne, unpublished) . Heterozygotes, Est6F/S, produce both chemicals in smaller quantity. The production of these chemicals is consistent for a wide range of Drosophila melanogaster strains, and also for the sibling species Drosophila simulans (Naylor and Beardmore, unpublished) . The Esterase-6 polymorphism is ubiquitous in both D. melanogaster and D. simulans. The common allele in D. inelanogaster is electrophoretically slow and that in D. simulans the electrophoretically faster migrating form, It is of interest to note that the same chemical specifity for the fast and slow alleles applies to D. simulans. There is then a decided consistency in the mechanism of frequency dependent selection for between sibling species by larval conditioning at this locus. Consider the interaction of density and temperature upon the pattern of frequency dependent selection. Temperature has already been implicated in the maintenance of polymorphism, at the Esterase-6 locus in laboratory cage populations. But, the " equilibrium" allele frequencies as predicted by this experiment do not correspond with those of the cage populations.
This conclusion is based upon results at medium density (figs. 1 and 2) since this density closely corresponds, in terms of individual survival, to the cage condition; it is seen that Est_6F allele frequency would increase rather than decrease with temperature rise. The outcome may be different for total fitness; nonetheless, temperature is not the causal factor for the results in thermally different environments. Selection by density dependence and frequency dependence can be interrelated (Turner and Williamson, 1968) . Larval density and competition for food are also associated and can be expressed in development time (Bakker, 1965 (Bakker, , 1969 Kearsey, 1961) . The interaction between density and temperature with genetical composition is seen in pure cultures of the Esterase-6 genotypes, both in culture productivity and development time (Birley and Beardmore, 1972) . Differences in development time are also manifest in the populations; fig. 3 relationship between the Est-6'' allele frequency and development time amongst adults from a population food cup. The implications are that at least three non-independent factors are involved in the mechanism of selection, larval conditioning, temperature and density. This raises the problem of whether such apparent complexity is due to pleiotropy of the Esterase-6 locusperse or is due to linkage disequilibrium between alleles at the Esterase-6 locus and genes which contribute to these continuously variable characters, or components of Darwinian fitness. Linkage disequilibrium can arise through sampling variation, for example in the sample of parents used to initiate a cage population, and in the sample of lines homozygous for the Est-6 or Est-6 alleles which were used as a basis for the experiment.
Obviously the smaller the sample the greater the recombination fraction over which a significant disequilibrium could arise because of such variation. Alternatively, linkage disequilibrium may arise through selection in the cage population, it may indeed persist in long-established and large laboratory
populations (Birley, 1974) . There is a gross dissimilarity between the genetical background of the Dutch population used in this study, and that of the population used by Kojima and Yarbrough (1967) , yet there are strong similarities in the observed mode of selection. Although Dolan and Robertson (1975) were unable to demonstrate larval conditioning amongst strains with extremely diverse genetical backgrounds, larval conditioning does occur when the genotypes tested are all derived from the same outbred or evolving laboratory populations. It is concluded that the ubiquitous Eslcrase-6 polymorphism is a component of the genetical architecture which confers adaptation to the environment by frequency dependent selection. The interrelationships between ecological factors which mediate frequency dependent selection suggests that the effects at the Esterase-6 locus are evolved with linkage disequilibrium. The apparent generality of the mechanism in outbred populations suggests that further physiological and genetical studies of frequency dependent selection are worthy of further study.
